Cytochrome P450 monooxygenases (P450s) constitute the largest metabolic enzyme 20 family in plants, responsible for synthesizing hundreds of thousands of specialized 21 metabolites with essential roles in chemical defenses against herbivores and 22
Last, 2017), however most plant P450s are highly substrate-specific (Verpoorte, 2013) . 26
Here, we show the rapid inversion of primary and weak secondary (promiscuous) 27 catalytic activities between two distinct yet evolutionarily linked multifunctional P450s, 28 CYP71A12 and CYP71A13, based on intramolecular epistasis of two amino acid 29 residues under positive selection in CYP71A12. Furthermore, we uncover previously 30 undocumented catalytic activity during the inversion as well as naturally occurring 31 amino acid substitution patterns that could have been present in evolutionary 32 intermediates between the two enzymes. Comparative expression profiling and 33 homology modeling reveal that natural selection acted on the promoter of CYP71A13 34 and the substrate-recognition elements of CYP71A12 to improve the efficiencies of 35 their promiscuous reactions. The rise in catalytic promiscuity potentiated the 36 divergence of new P450 enzyme functions in cyanogenic defense metabolism. 37
Directed evolution of promiscuous reactions is one of the core technologies 38 underpinning the field of synthetic biology. Our results provide a more complete 39 understanding of how natural selection uses promiscuous reactions to generate new 40 enzymes in nature and chemical diversity in pathogen defense, as well as demonstrate 41 a novel strategy for identifying their molecular origins in highly divergent, related 42 enzymes. 43 related structures from amino acid-derived oximes (Fig. 1a) (Bak et al., 1998 ; In A. thaliana, CYP83B1 lost the ability to isomerize tryptophan (Trp)-derived indole-3-54 acetaldoxime (IAOx), using instead the E-oxime as its substrate in a pathway that 55 produces the defense metabolite 4-methoxy-indol-3yl-methylglucosinolate (4M-I3M) 56 bicolor, and A. thaliana. Amino acids are N,N-hydroxylated and decarboxylated by CYP79 enzymes to produce aldoximes. CYP71 enzymes then perform a variety of subsequent reactions, including aldoxime isomerization, aldoxime dehydration, acetonitrile oxygenation, and cyanohydrin dehydration. Diverse enzyme families then tailor these compounds into cyanogenic glycosides (e.g. epiheterodendrin and dhurrin), cyanohydrinderived antimicrobials (e.g. camalexin and 4OH-ICN), or side products not derived from a cyanohydrin (e.g. β/γ hydroxynitrile glycosides, indole glucosinolates). To determine whether the CYP71A13 dehydration reaction is indicative of a functional 81 gain or loss, we investigated whether physiological functions of CYP71A12/A13 are 82 conserved outside of Arabidopsis. To that end, we performed comparative 83 phylogenetic and syntenic analyses to identify putative homologs/homeologs from 84 available sequences of plants in the mustard family (Brassicaceae) (Supplementary 85 Table 1 ). We then profiled (6-methoxy)camalexin and ICN metabolites in seedlings that 86 were elicited with the bacterial pathogen Pseudomonas syringae pv. tomato DC3000 87 avrRpm1 (Psta), using liquid chromatography coupled with diode array detection and 88 mass spectrometry (LC-DAD-MS). The Brassicaceae is split into a larger core clade of 89 lineage I and II species and a smaller sister clade, containing the genus Aethionema 90 . Our maximum likelihood tree shows excellent support (>90%) for three 101 distinct subclades: lineage I CYP71A12, lineage I CYP71A13, and lineage II CYP71A13 102 orthologs ( Fig. 2a ; Extended Data Fig. 2a ). The absence of lineage II CYP71A12 103 sequences ( Fig. 2a ; Extended Data Fig. 2a-b ) suggests either loss of CYP71A12 or 104 non-duplication of CYP71A13 ( Fig. 2a ; Extended Data Fig. 2a-b ). CYP71A18 is the sole 105 nonsyntenic member of the CYP71A12/CYP71A13 clade ( Fig. 2a ; Extended Data Fig.  106 2a-b) and likely duplicated from CYP71A12 after A. thaliana speciation; it has no 107 characterized function to date. The elongated branch length underlying the 108 CYP71A12/CYP71A13 clade suggests accelerated evolution ( Fig. 2a ), which could be 109 due to positive selection or neutral drift after escape from the evolutionary constraints 110 likelihood ratio tests (LRTs) based on branch-site models to detect positive selection 112 on individual codons along prespecified lineages of our tree ( Fig. 2a ; Extended Data 113 Fig. 2a ) (Zhang et al., 2005) . As expected, a substitution rate (dN/dS) below 1 (0.15-114 0.16) was observed for most residues throughout the tree (Extended Data Fig. 1c Supplementary Table 1 ). Enzymes used for heterologou 3 are in grey boxes. IDs used for alignment are found in Supplementary File 1. (b) Logos of two positively selected codons by for the Lineage I CYP71A12, Lineage I CYP71A13, Lineage II CYP71A13, and CYP 17, 9, 3, and 17 for first codon and 12, 9, 3, and 14 for second codon, respectively). IDs used are found in Supplementary File 2. Homology models based on six P450 crystal structures in the closed conformation 163 predict that the Arg232Asn substitution may form a new hydrogen bond with the 164 substrate, orienting it away from the active site ( Fig. 3d ). Furthermore, Ile481Leu may 165 alter the conformation of the C-terminal loop, which houses SRS-6, to cooperatively 166 support the exclusion of the substrate from the active site and the loss of dehydration 167 reaction in CYP71A12 (Fig. 3d) .Interestingly, a two-residue sequence gap N-terminal to 168 SRS-6, present in CYP71A12s and CYP71A13s and not in CYP71A28s (Extended Data 169 Fig. 3a) , repositions the Ile481 sidechain so that it may form new hydrophobic 170 interactions with the substrate (Fig. 3d ) and potentiate the acquisition of dehydration 171 reaction in CYP71A13. Asn232Arg reversion did not alter catalytic specificities or efficiencies ( Fig. 3c ; 211
Extended Data Fig. 4b ). The Leu481Ile reversion yielded intermediate amounts of both 212 ICN and camalexin ( Fig. 3c; Extended Data Fig. 4b ).This previously undocumented 213 catalytic activity may have been present in evolutionary intermediates; confirming this, 214 that of CYP71A13 and notably restored the dehydration reaction to dehydro-IAN ( Fig.  217 3c; Extended Data Fig. 4b) . These results indicate that the catalytic specificities and 218 efficiencies between CYP71A12 and CYP71A13 are mutationally accessible, requiring 219 as little as three base changes. Furthermore, the regressive evolution of CYP71A12 220 involves an epistatic interaction on successive mutations; whereby the Asn232Arg and 221
Leu481Ile substitutions respectively potentiate and actualize the ability to 222 biosynthesize dehydro-IAN. 223
224
In the course of this study, we observed that the primary reactions of BrCYP71A13 and 225 CYP71A18, while apparent via heterologous expression ( Fig. 3a) , could not be 226 and pathogen treatments and at least 22 to 467-fold less than those of 234 CYP71A12/CYP71A13/CYP83B1 for a variety of pathogen treatments (Fig. 4a ). 235
Similarly, BrCYP71A13's gene expression is 44 to 9185-fold less than those of related 236
CYP71CRs in B. rapa defense metabolism (Fig. 4b) 
